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Thls apphcatron clarms prion.y from provisiona. application 60/421,71,, Med October 
28, 2002. 

F.p.lri ofTh e Invention 

The present invention relates to the field of non-contact laser scanner p—ers and 

• ^mnonents (e r within a profilometer) capable of high-precision 
systems for mounting various components (.e.g. wnnin f 

alignment of the various components. 

Background of The Invention 

The present invention describes the design and eonsttuerion of h,gh-precis,on off-axis 
opdcaUntagrngsystems. Thepresen. tnventton a,so describes the desrgn and construction of 

sysl em The ptesen, invenrion farther descnbes both a mechanism for htghly stabie mounting 
a„da,echn, q ue for high prec.sion focusrng of a detector in a conrpiex oprica, setup. The present 

opuca, imaging systems. The theory and use of at leas, these concepts are introduced by 
examining how these concepts ard the construction and use of a no„.o„,act iaser scanmng 
syst em. A body of usefu, information for this .0* is descnbed in U.S. Paten. No. 6,44,,908, 
issued to Johnston et al. 

These and other advantages of the present invention win become more fuUy apparent 
from the detailed description of the invention hereinbelow. 



S 



Snmmmr nfthftTnvention 

aU ^en t ,n S , M es of a f , I s,e,e m e„, rel a,We,oaseco„de 1 e m enUh eS ys.en 1 co m pns,„ g: a t 
^^^^^^^^^^^^ 

second end to the second element. 

alig „me„t in six axes of a « Cement reiaiive to a second elemenr, me system com P rism g : a 
aia ra e t e r ,andwne rcl „ t Heseconde„ d nasaseeo„ d enadia m e.e r ;aseeon d Ho l ,owpos th av 1 „ g a 

of the second hollow post such that the second hollow post is positioned at least partly 
fot ho„owpost,whe re ina g ap,sp r ovidedhe t wee„.heri r s t honowpos t and te seco„dhoow 

posl ,whereinama t e„a, is P rov,ded within the g ap tha, serves to affi, the fttst hoiiow pos.,0 the 

second hollow post. 

The present invention is further directed to a system for moun,in g capahie of high- 

pre c,sion a 1)g nmen, in six axes o, a firs, e.ement relative ,o a second Cement, the system 
compnsin,at,ea S .one P „ St hav,n g a ta .e„dandaseeo„dend,whe re ,n t hef,rs t e„dhasaf,r S , 
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diameter which is greater than «he shaft — , wherein the second end is portioned withm 



Rrie.f Descri r' ; ™ nf thp Drawings 
In order .ha, the manner in which the above-recited and other advantages and objects of 
th e invention a« obtained can be appreciated, a tnore particular description of the invention 
Mefiy descrrbed above win be rendered by reference to a specific en*odimen, theteof which ,s 
mustrated in the appended drawings. Understanding that these drawings depict oniy a typtca. 
embodiment of the invention and are no, therefore to be cons.de.ed hmiting of its scope, the 
inV e„,ion and ,he ptesently understood bes, mode .hereof win be descnbed and chained w,.h 
additional specificity and detai. through the use of the accompanying drawmgs. 

F , gure 1 inus.ra.es a schematic top view of an optica, system in the Sche.mpflug 
configuration where me iaser, optics, and camera are ail affixed to the same base plate. 

Figures 2a and 2b illustrate two lens configurations specified in U.S. Patent No. 
,,540,752 resulting from sphftmg the las. element in a typical triplet lens configuration, in 
accordance with the prior art. 

Figure 3 illustrates a .op vtew of an entire oprical system, in accordance w„h a prefened 
embodiment of the present invention. 
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Figures 4a and 4b respectively illustrate close up side and top views of an optical 
configuration, in accordance with a preferred embodiment of the present invention. The optica, 
elements in the configuration w„l be supported by a mounting configuration, in accordance w„h 
a preferred embodiment of the present invention. 

Figures 5a and 5b are plots illustrating field curvature, distortion and vignetting showing 
performance of the preceding preferred embodmtent of the opfca, system configuration. 

Figure 6 is a spot diagram for the preceding preferred embodiment of the optica, system 
configuration. 

Figure 7 is a spot diagram after insertion of a plate beam splitter and before correction. 

Figures 8a and 8b respectively illustrate isometric and side views showurg an optical path 
as wel, as mounting position for a secondary de.ec.or instaned a. tire focus of the plate beam 
splitter. 

Figure 9 illustrates a top view of an optical mounting structure. 
Figure 10 illustrates a s.de view of an optical mounting structure. 
Figure 1 1 illustrates a cut-away suae V1 ew showing lenses captured in the mounting 
structure. 

Figure 12 illustrates a cut-away side view showing pockets where lenses ge, captured in 
the mounting structure. 

Figure 13 illustrates an rsometrie view of plate 6 derailing the features for capturing the 
ahgnmen. bolls, mounting the secondary detector, holding the beam splitter, and holding the 
camera mounting posts. 
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Figure 14 illustrates a top v.ew of a uni-channel optics mount structure shown with the 
beam splitter and 14 not installed. 

Figure 15 illustrates an elevated view of a uni-channe! optics mount structure shown with 
the beam splitter and 14 not installed. 

Figures 16a, 16b, and 16c illustrate a camera/mounting plate assembly shown moving 
relative to the post which is affixed to the optics block. 

Figure 17 illustrates an injector used to fill an oversized hole with glue, permanently 
locking in alignment and rigidly affixing the camera/mounting plate assembly to the post/optics 
block. 

Figures 18a and 18b illustrate a retaining bolt and hollow shaft together formrng a 
mounting post that can be removed from the optica block after the mounting plate is adhesive 
clamped to the post. 

Fl gure 19a illustrates an injector used to fill an oversized hole with glue, locking in 
alignment and rigidly affixing the camera/mounting plate assembly to the tube/optics block. 
Figure 19b illustrates a nested tube configuration. 

Figures 20a, 20b, and 20c illustrate a dog bone shaped mounting post that connects the 
camera/mounting plate assembly to the optics block allowing complete freedom of motion in 6 



axes. 



Figures 21a and 21b illustrate a dog bone that connects the camera/mounting plate 
assembly to the optics block using a clamping bolt/flexture clamp configuration. 

Figure 22 illustrates a top view of an optics block and camera assembly to be focused. 
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Figure 23 illustrates a five-axis gantry configuration used to position a camera relative to 
the optics block for focusing and curing of an adhesive clamp. 

Figures 24a and 24b respectively illustrate a focus table configuration showing a laser 
illuminating a screen set at an object location and a frame grabber showing images taken from a 
camera. 

Figure 25 illustrates a focus table configuration for a base plate with a folded optics path. 



TVtailrH Descriptio n of the Preferred Embodi ments 

Reference will now be made to the drawings wherein like structures are provided with 
like reference designations. It will be understood that the drawings included herewith only 
provide diagrammatic representations of the presently preferred structures of the present 
invention and that structures falling within the scope of the present invention may include 
structures different than those shown in the drawings. 

The inventions in this disclosure are intended for, but not limited to, use with a non- 
contact laser scanner profilometer, similar to the systems discussed in U.S. Patent No. 6,441,908. 
Examples of implementations and identification of preferred techniques will be made as they 
relate to laser scanning profilometry applications. 

We have developed a precision optical measurement instrument configured as shown 
schematically in Figure 1. The extent of the object is defined by the locus of points along a laser 
beam extending from point A to point B. The detector and optics assembly are aligned in a 
Scheimpflug configuration where both the object and the image are tilted relative to the optical 
axis. When the surface of a physical object intersects the laser beam, a single point of light, for 
example point C, is imaged onto the detector, e.g. at point C\ Signal processing is done on the 
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imag e ,o find the exact location in nnage space of the point. The ,oca«„n of .he surface potnt ,n 
object space can then be determined using similar triangles. The linear array detector preferably 
bas only a 10 pm heigh, and requires a h.ghly precise afignmen. with the optics and the object to 
raake sure that C always lands on fire defec.or. Further, the imaging quality of .he optical 
system is crucial for defining .he location of C so .he accuracy of .he sys.em requires .ha. a 
precise focus be maintained across the entire image. 

Desired Specifications: The design of the oprical system is heavily constrained by 
performance and physical factors. The measurement instrument is designed ,o revive the 
position of a point <o better man abou. 1 : 12.000 along the length of the ex.ended object The 
ultimate performance of .he measurement insttumen, depends mosrty on the optical 
cbaracenstics designed and constructed into the imaging sys,em. The insttumen. also needs ,o 
be designed ,o fit into a robust, compact case for commercial deployment. These physical 
concerns also place many constraints on .he destgn and construction of the imaging system. A 
listing of the specifications desired from the design are as follows: 

^^.Configuration: As depteted in Frgure 1, the system is intended for extreme 
off-axis mtaging. To keep the size of the base plate down, the angle between .he objec, 
and the optical axis should preferably be less than about 30°. 

SandOff: The dis,ance along the direction of the extended object from the nearest point 
rha, can be tmaged (point A in Figure 1) to the front edge of the instrument case should 
preferably be greater man about 6" (152 mm). Accounting for the desrred path lenglh ,n 
the case, the distance along the optical ax,s from the object (pom, O to me firs, optical 
surface should preferably exceed abou, 520 mm. 
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r^t^U^: To allow the optica! system to fit into a preferably compact case, the 
Md dista.ee along the optical path from the object (point O to the surface of the 
detector should preferably be less than or equal to about 670 mm. 
ObjeetSize: The distance along the object that can be imaged should preferably be a, 
least about 12" (305 mm). 

j^ficauon: The magnification is deunrnnedby.be choice of deteoton. In this 
prefer ease, the use of an approx.mately 20 mm long detector imparrs the need for 
substantially 15.25:1 magnification. 

LaasABeaure: To allow the system to gather data from the widest possible range of 
surface finishes, .he system aperture needs to be large enough so .he solid angle for the 
axia, object point (point O baa a solid angle of at leas, about 0.0035. This is equtvalent 
,o approximately a 35 mm diameter a, approximately a 520 mm stand off distance. 

r^i.Hte-m Splitter : In addition to a detector for acquiring an image of an 
muminated spot on the surface, .he system needs a second de.ec.or to acquite radiometry 
da .a for use in the Automatic Gam Control (AGO system used to adjust the il.uminaoon 
(laser) intensity. This detector must have an optical path substantially coaxial with the 
,magmg path. To accommodate this need, a beam splitter must be included in the optical 
path, preferably in .he space between .he las, lens and the de.ec.or .0 reduce the need for 
redundant optics. 

^.^.OSS^: The image of a hypothetical point anywhere along the extended 
object should preferably have a RMS diameter along the axis of the detector of less than 
about 50 mm diameter a. the deteetor surface. The impltcation of this spectfication ta that 
all the aberrations in the system should be very tightly controlled. 
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Flat Field : The image of a linear or planar object in a Scheimpflug optical system can 
only be approximated as a line or plane for image locations very close to the optical axis. 
In practice, the image for a system like that shown in Figure 1 will have significant 
curvature. The optics must control this curvature so the image that lands on the linear 
array detector does not exceed the maximum blur specification. 

retortion Allowed: Fortunately, the use of image processing allows the presence of 
significant distortion without degrading the performance of the system. 

touted This system is designed for, but not limited to, use at one wavelength in 
the range of about 630 nm to about 680 nm, preferably about 670 nm. 

U.S. Patent No. 6,441,908 provides an explanation of other aspects of a measurement 
instrument and provides helpful background information about optical systems that may be 
useful in describing the present invention. 

There are many existing optical imaging systems to be found. Sadly, none exist that 
could serve to meet even a portion of the denied specifications for the measurement instrument. 
However, one particular lens configuration that bears some relation to the present invention is 
the Cooke Triplet. It has been studied extensively in literature because it provides excellent 
imaging performance and is a very flexible design. Lens triplets in this configuration provide 
enough variables to simultaneously correct many of the aberrations that can affect optical 
imaging systems. Therefore, many optical designers use this configuration as a starting point 
when developing a lens configuration to address particular specifications. As such, there have 
been many derivations of the triplet lens configuration. One particular design is specified in U.S. 
Pat. No. 1,540,752. 
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The Cooke Triplet is characterized by a first converging lens (LI) that is plano-convex 
with the curved surface facing the object. The second element (L2) is a symmetric bi-concave 
diverging lens. The third element (L3) is a plano-convex with the curved surface facing the 
image. U.S. Pat. No. 1,540,752 modifies the original triplet by splitting L3 into two lenses and 
"bending" the lenses to minimize aberrations. Lens bending is a standard engineering practice of 
modifying the curvature of the surfaces so the lens maintains the original optical power but the 
imaging aberration contributions from that lens are mo dl fied. Figures 2a and 2b depict the two 
derivations of the original triplet lens configuration that are specified in U.S. Pat. No. 1,540,752. 

Ignoring specific diameters and curvatures called out in U.S. Patent No. 1,540,752, the 
claimed and taught characteristics of the lens configurations are: 

• Four lenses 

• A positive powered first lens (LI) 

• A negative powered second lens (L2) 

• The rays between L2 and L3 are diverging 

• An aperture between the second lens and third lens 

• Positive powered third (L3) and fourth lenses (L4) 

. Either L3 or L4 has a focal length less than or equal to twice the focal length of 
the combined system (LI through L4) 

. The other of the pair of L3 and L4 has a focal length less than the focal length of 
the combined system 

. One of the pair L3 and L4 has its weaker (larger) curvature facing the aperture. 

Portions of the present invention have some degree of physical similarity to the 
configurations in Figures 2a and 2b but the design of the present invention differs greatly in 
many important characteristics. The following sections give a detailed description of the present 



-10- 



invention and clearly spectfies how the present tnvention differs from the configurations ,n 
Figures 2a and 2b. 



a Profprrprt Ontical System : The concepts in this disclosure are intended for, but not limited 
to, precision optical imaging systems for use in a non-contact laser scanner profi.ometer, such as 
in U.S. Pat. No. 6,441,908. Examples of the implementations and identification of the preferred 
techniques will be made as they relate to laser scanning profilometry applications. 

Features Of This Preferred Optical System: An optical system configuration has been 
designed that simultaneously satisfies all or most of the desired specifications. A preferred 
embodiment of the optical system that meets the desired specifications is shown in Figure 3. 
Figures 4a and 4b respectively contain close up side and top view diagrams of the optical 
elements in the specific preferred embodiment depicted in Figure 3. Examination of the specific 
characteristics of this preferred embodiment serve to explain and demonstrate the general 
characteristics of the particular optical system: 

. The preferred embodiment contains Five Lenses and a Beam Splitter. All lenses 

are single elements with spherical surfaces. 

. The optical axis is at an Angle of about 26.5° relative to the Extended Object. The 
resulting tilt of the detector is about 21.4° relative to the optical axis. 
. The Stand Off = about 534 mm from extended object to aperture along the 
optical axis. 

. Total Length = about 670 mm from extended object to detector along the optical 
axis. 
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. An Elliptical Aperture of approximately 35 mm x 48 mm placed between the 

object and the first lens yields a Solid Angle of about 0.0046. With the aperture in 

the front of the lens system, solid angle is calculated by the ratio of the aperture area 

to the square of the stand off distance. With the large aperture, the depth of focus is 

minimized, helping the instruments immunity to spurious light. 

. The First Lens (L0) is a symmetric bi-convex lens with positive power. 

. The Second Lens (LI) is a negative power meniscus lens that is bent to provide 

relieve from spherical aberrations. 

. The Third Lens (L2) is a positive powered plano-convex lens with its flat face 
oriented towards the Object. 

. The Forth Lens (L3) is a positive powered meniscus lens that is very close to 
plano-convex oriented so its weak curvature face is on the image side. 
. The Fifth Lens (L4) is a Field Flattener deployed directly in contact with the 
front surface of the detector window. 

• The field flattener L4 is Off Center with respect to the optical axis to provide 
better correction of field curvature. 

. The Plate Beam Splitter oriented at about 45° is located in the specifically 
provided space between L3 and L4. The beam splitter allows a portion of the light to 
be focused at 90° to the optical axis to a location below the optical axis for use with a 
separate detector. This redundant detector has many uses including, but not limited 
to, an AGC system. 

. As shown in Figure 4a, to Correct for the Astigmatism caused by the tilted 
beam splitter plate, lenses L2 and L3 are Tipped at +/- about 5° relative to the axis of 
rotation of the beam splitter. 

. To reduce effects of primary aberrations, the Object Is Off Center with respect 
to the optical axis. This allows the angle between AC to be substantially equal to the 
angle between CB in Figure 1. 
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Preferred Embodiment Snecifications : The specifications for the preceding preferred 
embodiment of an optical system of the present invention are listed in Table 1 through Table 3. 
Note that although each lens is surrounded by coordinate break surfaces to facilitate tilting and 
translating individual elements, LO and LI are aligned with the optical axis. Therefore, surfaces 
4,7, 9 and 12 are empty placeholders. Also, note that the combination of surfaces 14, 16 and 19 
serves to place the center of tilt for L2 near the center of the lens without deflecting the optical 
axis. 



Definitions: Sip n Convention 



Units 

Wavelength 

BK7 

Order 



Follow Zemax standards (ZEMAX Optical Design 
Program, Focus Software, Inc. Box 18228, Tucson 
AZ 85731) 

All dimensions are in mm 
670 nm 

Standard Glass, Refractive Index at 670 nm = 1.51390540 
Coordinate breaks Decenter first, then Tilt 
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Table 1. Specifications f the physical parameters of a preferred embodiment of an optical system of the 

present invention. 



Surf Type 



OBJ 



STANDARD 



BREAK 



STO 



Comment 



TILT X AXIS, OBJ 



BREAK 



STANDARD 



STOP 



BREAK 



STANDARD 



STANDARD 



BREAK 



8 BREAK 



9 BREAK 



STANDARD 



11 



STANDARD 



12 BREAK 



SHIFT ORIGIN 



TWIST LO 



L0.1 



L0.2 



Radius 



Thickness Glass 



Infinity 



Infinity 



103.7883 



-103.7883 



539.487 



1 



9.3 



UNTWIST LO 



SPACER 



TWIST L1 



Infinity 



L1.1 



L1.2 



UNTWIST L1 



13 BREAK 



BREAK 



15 



BREAK 



BREAK 



STANDARD 



18 



STANDARD 



19 



BREAK 



22 



23 



25 



26 



27 



28 



SPACER 



TWIST L2 



CENTER L2 TIP 



L2.1 



L2.2 



STEP BACK 



BREAK 



UNTWIST L2 



BREAK 



SPACER 



BREAK 



TWIST L3 



STANDARD 



STANDARD 



BREAK 



BREAK 



BREAK 



STANDARD 



29 



STANDARD 



BREAK 



31 



BREAK 



32 



BREAK 



33 



35 



36 



IMA 



•47.84002 



-90.0009 



Infinity 



Infinity 



-77.26184 



Infinity 



L3.1 



L3.2 



UNTWIST L3 



EXIT APERTURE 



TIP BS 



BS1.1 



BS1.2 



UNTIP BS 



TILTDET. 



DEC ENTER FLAT 



STANDARD 



STANDARD 



BREAK 



STANDARD 



STANDARD 



L4.1 



L4.2 



DECENTER PET 



WINDOW 



47.83087 



667.5567 



Infinity 



16.59335 



Diameter! 



BK7 



BK7 



37.1361 



6.3 



-3.3 



10.13206 



BK7 



8.7 BK7 



0 



12 



Infinity 



Infinity 



0 



22.65152 



BK7 



310 



47.8 



50.8 



50.8 



50.8 



50.8 



50J5] 



50.8 



46.58792| 



39.10131| 



-25.93966 



Infinity 



DETECTOR 



Infinity 



Infinity 



38.461 2jH 



BK7 



BK7 



47 



21.14077 
20.17334] 



Summary Descriptions: The shaded regions in 



Table 1 serve to group the entries that affect the 



specification of individual lenses. Table 2 gives summary descriptions of each element and 
Table 3 gives details that modify the extent or position of each surface. 
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Table 2. Summary descriptions of elements in the preferred embodiment of the optical system described in 

Table 1. 



OBJ 



BREAK 



STANDARD 



LO 



L2 
L3 



BS 



L4 



WINDOW 



IMA 



Object, Surface 0 



Stop, Surface 3 . 

Surface used to change coordinate system or add space, no 

curvature, refractive index or diameter are specified 

Surface that refra cts or rays or acts like an aperture 

— : : TTTTT ~ o — r „ c £ 



Biconvex, focal length = 101.6 mm, Surfaces 5,6 



Meniscus, focal length = -200 mm, SurfaceslO,! 1 



Planar Convex, focal length = 150 mm, S urfaces 17,18 



Meniscus, focal length = 100 mm. Surfaces 23,24 
Plate beam splitter, Surfaces 28,29 



Planar Concave, focal length = -50, Surface 33,34 



Front window on camera, Surface 36 



Image location, Surface 37 



Total focal length of system = 60.06 mm 



Table 3. Details about the elements in the preferred embodiment o f the optical system described in Table 1 

— r- r- : i ^iTilt about X 1 ™ aK ™ rt Yl 



SURFACE DATA DETAIL 



Surface OBJ 



Surface 1 



Surface 2 



Surface STO 



Surface 4 



Surface 5 



COMMENT 



Surface 6 



Surface 7 



Surface 8 



Surface 9 



Surface 10 



Surface 11 



Surface 12 



Surface 13 



Surface 14 



Surface 15 



Surface 16 



Surface 17 



Surface 19 
Surface 20 



STANDARD 



CQORDBRK TILT X AXIS, OBJ 



Aperture 



Rectangle 



CQORDBRK SHIFT ORIGIN 



STANDARD STOP 



CQORDBRK TWIST L0 



STANDARD L0.1 



STANDARD L0.2 



i CQORDBRK UNTWIST L0 



CQORDBRK SPACER 



CQORDBRK TWIST L1 



STANDARD L1.1 



STANDARD L1.2 



CQORDBRK UNTWIST L1 



CQORDBRK SPACER 



CQORDBRK 



CQORDBRK TWIST L2 



CQORDBRK CENTER 12 TIP 



STANDARD L2.1 



STANDARD L2.2 



CQORDBRK STEP BACK 
CQORDBRK UNTWIST 12 



CQORDBRK SPACER 



X half width 



Elliptical 



117.5 



Circular 



Circular 



Y half width 



25.4 



Decenter X 



215 



24 



25.4 



25.4 



Decenter Y 



25.4 



Circular 



Circular 



Circular 



Circular 



CQORDBRK TWIST L3 

STANDARD L3.1 

" STANDARD L3.2 

" CQORDBRK UNTWIST L3 
" CQORDBRK EXIT APERTURE 

CQORDBRK TIP BS 

" STANDARD BS1.1 

STANDARD BS1. 2 

CQORDBRK UNT1PBS 

CQORDBRK TILT PET. 

CQORDBRK DECENTER FLAT 

STANDARD L4.1 

STANDARD L4.2 

CQORDBRK DECENTER PET 
STANDARD WINDOW 
STANDARD DETECTOR 



25.4 



25.4 



25.4 



25.4 



25.4 



25.4 



25.4 



25.4 



-63.5 



17.782839 



Tilt about Y 



0.16340908 8.6921964 
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Performance: When considering that the preceding preferred embodiment has about 15.25:1 
magnification, is extremely off-axis, and has an almost 2" clear aperture, the imaging 
performance of the system is spectacular. Figure 5a shows that the image surface is substantially 
flat across the entire image space and the astigmatic focus separation is below 50 urn. Figure 5a 
also shows that the distortion in the system is significant, which was an expected consequence in 
the design of this off-axis system. Fortunately, the presence of distortion will not adversely 
affect the utility of the design. Figure 5b shows that the system demonstrates very low 
vignetting, even with a wide-open aperture. When all surfaces are preferably coated with a low 
loss AR coating, there are no appreciable losses dependent on the objects location in the field of 
view. Note that Figure 5a is valid only for paraxial rays and apparently assumes symmetry so it 
only regards half the field of view. Although it does help predict the imaging performance of the 
system, it will not necessarily predict the actual performance of an off-axis system. 

To confirm the performance of the actual system, the plot in Figure 6 shows a spot 
diagram for points spanning the entire extended object. A spot diagram utilizes actual traced 
rays and accurately predicts performance for an off-axis system. Figure 6 indicates that a tight 
focus of less than about 45 urn RMS blur diameter has been obtained across the field of view. In 
this aspect and all others, the design and performance of the preceding preferred embodiment of 
the optical system configuration meets or exceeds the desired specifications set forth previously. 



Design Process and Concepts: Modern optical engineers enjoy the use of sophisticated CAD 
tools that allow the design to be iterative optimized, sometime departing far from the initial 
design form. However, the computer cannot perform the crucial tasks of specifying the starting 
configuration, defining the allowed variables or developing the specifications (or merit function) 
used to guide the optimization routines. In addition to these tasks, the engineer must guide the 
optimization process and make appropriate decisions to guide the solution to an acceptable form 
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that is physically realizable. For others to produce duplicate or related designs that follow a new 
design form, the concepts behind the starting point, the constraints utilized and the strategy for 
the optimization process must be communicated. The skill with which the engineer uses tools 
such as CAD will remain a variable that affects the success of the design of any optical 
configuration. 

In the case of the present invention, the new form has an easily recognizable origin. An 
explanation of the design process for the preferred embodiment shown in Figure 3 will aide in 
the reproduction of this new design form. Starting with a Cooke Triplet, the basic system was 
defined in CAD. Initial conditions were set so that the approximate standoff, off-axis angle and 
total system length were met. The initial powers of the triplet were adjusted so the system was 
roughly focused and had approximately the correct magnification. Special care was taken when 
defining the merit function to ensure the minimum standoff was maintained, the elements did not 
run into each other, the final magnification and Field of View (FOV) were correct and equal 
angles for the extreme rays in object space were maintained. Finally, limits were placed on the 
curvature of the lenses so the CAD would not select unrealizable solutions. 

While allowing the curvature of the lens surfaces to vary as well as the tilt and location of 
the image plane, it was noted that the imaging performance of any systems obtainable with the 
defined variables was not sufficient to meet the desired specifications. Analysis of the Siedel 
coefficients indicated that L2 (Figures 4a and 4b) was causing a majority of the aberrations in the 
design, so the decision was made to split L2 into two elements, L2 and L3. A close observation 
of the top view in Figure 4b shows that the rays are almost parallel. Note that a Ramsden 
eyepiece has a certain similarity to the orientation of L2 and L3, e.g. a pair of plano-convex 
lenses with curved surfaces facing each other. Since an eyepiece serves to take an object plane 
(the reticule location) and create an infinite conjugate image, essentially collimating the light, it 
was reasoned a backwards eyepiece design should aid in focusing the collimated light to an 
image plane. 
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Field curvature was a continuing problem, so an aggressive field flattener L4 was added 
to the surface of the detector by specifying a lens with a very tight radius of curvature. The 
decision to apply L4 directly to the detector was motivated by the desire to keep an open space 
between L3 and L4 for the addition of the beam splitter. The rotation of L4 and the detector 
were constrained together to simplify the construction process of locating and mounting L4 
relative to the detector. However, L4 was allowed to move laterally across the face of the 
detector as another degree of freedom to optimize the flattening of the image surface. 

During optimization, it was noted that the shape of Lens LO was approaching a 
symmetric bi-convex lens form. Its shape was therefore constrained to be symmetrical to 
simplify the manufacturing process. Regardless of its final shape, in this optical configuration, 
LO imparts a larger change on the propagation angles of the rays than any other element in the 
system. It is not surprising that according to analysis of the Seidel coefficients, LO also imparts 
large amounts of the first 5 primary aberrations: Spherical, Coma, Astigmatism, Field Curvature 
and Distortion. Fortunately, we are not concerned about optimizing Distortion (and we do not 
have to deal with chromatic aberrations). Therefore, the rest of the optical system only needs to 
balance each other while correcting the remaining four aberration contributions of LO. 

The original symmetric bi-concave form of LI (L2 in Figures 2a and 2b) was allowed to 
bend to the meniscus form shown in Figures 4a and 4b. The lens retains its negative power but 
the new form almost perfectly compensates for the Coma from LO while overcorrecting for 
Spherical Aberrations by about 50%. Additionally, LI also removes about 50% of the Field 
curvature from LO. 

L2 performs the role of gently starting the rays converging, so L3 doesn't generate too 
many aberrations itself. L2 also undoes some of the over-correction provided by LI. L3 
compensates for the majority of the remaining astigmatism from LO while focusing the rays onto 
the detector. The distribution of power between L2 and L3 avoids a significant aberration 
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penalty compared to keeping that power in a single element. The slight bending of L3 to its 
meniscus form was found to significantly reduce the amount of Comas and Spherical 
Aberrations and thereby significantly reduce the RMS blur in the image. 

When the design optimization of the five lens configuration was completed, the system 
configuration was very close to that shown in Figures 4a and 4b with just slightly superior 
performance as measured by spot size in a spot diagram. A consistent effort had been made 
throughout the optimization to allow enough space between the L3 and L4 to allow the inclusion 
of a glass plate beam splitter. An approximately 1 mm thick beam splitter at about 45° was then 
included in the model. It is well known that a tipped glass plate in a converging beam will cause 
astigmatism. Figure 7 depicts the best possible focus achieved when a plate beam splitter was 
inserted into the system and only the lens spacing, detector tilt and position, and IA position 
were available for focusing. Both the RMS blur and the geometrical (total) blur were more than 
twice the original performance. To compensate for the presence of the beam splitter, offsetting 
approximately 5° tilts were added to lenses L2 and L3 in the specific orientation shown in 
Figures 4a and 4b. Although the literature states that astigmatism from a tipped plate can be 
corrected by tilting one of the spherical elements in the system, the general advice is to twist an 
element around an axis perpend.cular to the ax.s of rotation of the plate. In the preceding 
preferred embodiment des.gn, it was found that no combination single lens or dual lens twisting 
could reduce the spot sizes seen in Figure 7 by more than 10%. Similarly, tipping any single 
element in the system could not reduce the spot sizes by more than 10%. However, when 
offsetting tilts in L2 and L3 were introduced, substantially the same spot sizes in Figure 6 were 
obtained, which are better than half those in Figure 7 and within 10% of the values before the 
introduction of the plate beam splitter. Clearly, the conventional wisdom and theory do not apply 
to this optical configuration and the introduction of offsetting tipped elements constitutes a 
unique contribution. 
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AGC Configuration: It was previously stated that an AGC detector cou.d be instailed at the 
orthogonai image iocation fonned by .be beam spiitter. Figures 8a and 8b sbov, a pteferred 
configuration for locating the AGC detector. Up to the beam splitter, .he optical layou. ,s 
substantially .dentica, <o .he preceding embodiment. Table 4 and Tabfe 5 give the specifiers 
and details for the construction of the portion of the system in which .be AGC leg differs from 
the preceu.ng embodiment specified in Table 1 and Tab,e 3. A full specification for the AGC leg 

5, starting at surface 27 for both. 



Table 4. Specifications of the 



physical parameters of the AGC leg as it differs from the preceding embodiment 



Surf 

27 



TYP e ■ 

BREAK 



_28 
29 



30 
31 



33 



34 



35 



36 



BREAK 
STANDARD 



BREAK 
BREAK 



TIP BS 



BS1.1 



UNTIPBS 



BREAK 



TILT PET. 



BREAK 



STANDARD 



STANDARD 



BREAK 



37 1 STANDARD 



DECENTER FLAT 



L4.1 



L4.2 



DECENTER PET 



WINDOW 



DETECTOR 



Radius[Triickness 

0 



Infinity 



25.93966 



Infinity 



Glass 



_0 

-22.8814 
0 



Infinity 
Infinity! 



Diameter 



BK7 



-1 



BK7 



47 



47 



21.2756 



20.31443 



Table 5. Details about the elements 



in the AGC leg as it differs from the preceding embodiment. 
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Note that "MIR" in Table 4 refers to the reflective or mirror first surface of the beam 
splitter An approximately 25% reflection coefficient, firs, surface BK7 plate beam splitter, 
approximately 1mm thick and coated with an AR coating on .he backside specifies a preferred 
plate beam splitter. Note also that an identical IA is specified for use in the ACG ,eg, this was 
done specific* to address manufacturing issues. However, for optima, imaging performance, 
U is preferably mounted in a slightly differ, orientation relative to me detector in .he AGC 
,eg Since L2 and L3 ate .ipped .0 correc. .he .mages formed through .he beam splitter plate, the 
AGC image is over corrected and results similar to those in Figure 7 are obtained. Allowmg U 
t0 be repos.tioned mitigates the astigmatic defocus slightly. Ftnally, the preferred AGC detector 
is an approximately 0.5 mm x 20 mm long FID silicon photo-detector, although other detectors 
could also be effective. 

As was stated previously, a direct comparison between the optical system of the present 
invention and that in U.S. Pat. No. 1,540,752 shows marked differences. In addttion to the off- 
axis imaging, the optional beam splitter, the optional tipped element astigmatism co.ec.ion and 
lhe optional AGC leg .ha, do no, exist in U.S. Fa,. No. 1,540,752, mere are several point by pom, 
comparisons possible: 

• Five lenses (not four) 

. The Aperture Stop is in front of LO (not in middle between LI and L2) 
. The rays are convergent between LI and L2 (not divergent) 
. Aperture height = 56% Ftotal, width = 80% Ftotal (vs. 33%) 

• F2 = 2.5 x Ftotal (vs. 2x) 

• F3 = 1 66 x Ftotal (vs. smaller) 

»„.„..,.. m n.,n,,n,ati.,s, There may be various modifications and variations to the concepts 
and implementations disclosed here that are within the scope of ,he present invention ine.nd.ng, 
but not limited to: 
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• The utility of this design is not limited to use in monochromatic imaging 
situations. By utilizing a different refractive index in LI and possibly other lenses 
and rebalancing the surface specifications, this design can be made achromatic. The 
system can also be optimized for use with any other single wavelength instead of the 
design wavelength specified here. 

. Additionally, the singlet elements can be replaced by doublets to effectively 
simulate any range of refractive indices to aid with achromatic correction as well as 
gain degrees of freedom to address the residual fundamental aberrations. 
. This system is not limited to off-axis imaging. In the on-axis case where the 
object is substantially symmetrical to the optical axis, L4 would likely be centered. 
L4 would progressively shift the higher off-axis the object orientation becomes. 
. If the field of view was very small in an on-axis case, L4 could likely be 
dispensed with, but the utility of the tipped correctors for the beam splitter would 



remain. 



This system (including the beam splitter and lenses) is not limited to BK7 glass; 
any combination of practical transparent optical medium could likely suffice to 
construct a system based on this design form. 

. As with all optical systems, the FOV can be scaled by scaling the optical 
elements. This makes this design of special interest in small FOV, very high- 
resolution laser scanners. 

. The utility of this design is not limited to the specific values or combinations of 
surface curvatures and materials specified in the preceding embodiments. Other 
system prescriptions with different lens specifications may be known to have better 
performance but be harder to manufacture. 

. The system is not limited to the size and shape aperture specified here. The 
system has been shown to have excellent imaging qualities with no aperture. Truly 
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stunning imaging performance has been obtained with smaller apertures, a. the 
expense of light budget. 

. The beam splitter is not required to utilize this design, especially for, but not 
limited to, off-axis imaging. If the beam splitter is orrutted, the tipping of L2 and L3 
should (although not required to) also be omitted. 

. The presence of the redundant, coaxial image path off the beam splitter has uses 

that far exceed AGC. 

o If the beam splitter is polarizing, a second linear or area array detector can 
be used to measure surface qualities such as wood grain orientation, 
o If the beam splitter separates colors, the second path can be used to 
monitor a second color laser. The second laser could be measuring or 
acquiring data from another location along the surface of the sample being 
measured. 

o The second detector could be replaced with an illumination source that 
could be used to create a specific illumination pattern along the length of the 
extended object, creating an optical encoder effect on the surface. These could 
be read by along the original image path. By analyzing the spacing of the 
observed illumination pattern, information about the surface normal where the 
original laser beam is being read can be derived. 
. The AGC detector in the specified AGC path is not limited to a long aspect ratio 
silicon detector. An array of fibers could be used to gather light from the AGC path, 
then bundled into a cable and routed to a single Ingher speed detector without the 
capacitance of the specified AGC detector. The AGC detector can be a point, line, or 
area detector. The AGC detector may comprise a single element or multiplicity of 
pixels. 

• This system is not limited to imaging line sources onto line detectors. The source 
may be a point, tine, area, or volume source. The detector can be a point, line, or area 
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detector. The detector may comprise a single element or multiplicity of pixels. There 
are significant advantages to looking at a line or point source with an area detector. 

Further, the object can also be an area source. This des.gn works well for 2D imaging in the 
■ off-axis preferred embodiment and very well in on-axis imaging applications. 



extreme < 



Figures 4a and 4b respectively depict side and top views of the elements that must be 
,„ca.ed and supported by a preferred implementation of the present invention. The mourning 
stntcture must handle various different lens shapes, elements with UU. a beam splitter at, for 
example, substantially 45° and a detector. Ftgures 8a and 8b depict a second image pa,h formed 
using the beam splitter in Ftgures 4a and 4b. A preferred implementation of the mounting 
structure must also support the orthogona! mounting of the lenses and detector in the relative 
onentation shown. The mounting structure used to precisely and rigidly locate and support the 
optical elements is a cntical factor in the consttuction of the measurement instrument. 
n^W.fications: Due to the complexity of the optical system and the requirements 
for high precision and stability, the mounting structure should preferably meet several 
specifications to accommodate the elements shapes and locations depicted in Figures 4a, 4b, 8a, 
and 8b: 

. The mounting technique should preferably be able to locate and orient the 
elements to within about 50 urn laterally and longitudinally of the specifications from 
the optical CAD design. 

. The mounting technique should preferably be able to rigidly hold the elements in 
position and orientation to within about 50 urn over a range of environmental 
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conditions, including, for example, a + /- 10° C temperature swing and various types 
of vibrations and shocks. 

. The mounting technique should preferably accommodate tilted lenses and other 
tilted elements. 

. The mounting structure should preferably accommodate the variable center and 
edge thickness specifications resulting from the manufacturing processes used to 
construct lenses such as, for example, glass type lenses. 

. The mounting technique should preferably accommodate holding at least one 
beam splitter at an angle not limited to but preferably at 45 - relative to the optical 



axis. 



The mounting structure should preferably allow the mounting of the secondary 
detector depicted in Figures 8a and 8b at the location and angle specified by the 
optical design. 

. The mounting structure should preferably allow rework without excessive waste 
or destruction of components. 

. The mourning structure should preferably support reasonable manufaclurabtlity 
constants such as low cost, reproducible physical tolerances and allow with batch 
processing techniques. 

U.S. Patent No. 6,441,908 provides an explanation of other aspects of a measurement 
rostrunten. and provides helpful background information abou, optical systems that may be 
useful in describing the present invention. 

Many examples of optical mounting structures have been developed. However, none 
exist that could simultaneously satisfy all or even most of the desired specifications. Therefore. 
me only useful existing information am studies on general optical mounting techniques. 
Ultimately, there are techniques utilizing physical clamping to constrain the lenses, and 
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techniques utilizing adhesives, and, of course, combined methods. The techniques based on 
physical clamping may relate to the present invention. 

^ r ;„ r p Q n Mounting Scheme: Top and Side view diagrams of an Optical Mounting 
Structure of the present invention are shown in Figure 9 and Figure 10, respectively. The 
concepts behind the present invention are introduced and explained by a close examination of a 
preferred embodiment that meets the desired specifications. The design makes many novel 
contributions to the art of optical-mechanical mounting structure design. Referring to the 
figures, short descriptions of novel and/or important features of the Optical Mounting Structure 
are as follow: 

• To support and locate four lenses, six lens-clamping plates (PI through P6) are 
utilized. The fifth lens in the preferred embodiment is mounted to the camera 
structure. 

. The first plate (PI) and the last plate (P6) are provided with hold down feet for 
mounting the entire structure to a base plate. 

. Four threaded alignment posts (e.g. bolts) with precision diameter and length 
shafts, similar to stripper bolts, pass through precision bored holes in plates PI 
through P5 and bottom out in threaded holes in P6. Other fixation methods of the 
alignment posts to P6 may be contemplated. 

. These Alignment Bolts constrain each plate from lateral or rotational deflection, 

each plate can only move along the length of the bolt shaft. 

. Stiff springs located between P3 and P4 surround the Alignment Bolts and push 

P3 and P4 apart. 

• P6 forms the positional reference for the structure. The longitudinal position of 
plates PI, P2 and P3 are constrained since they are pushed up against the head of the 
Alignment Bolts by the springs. 
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• The positions of plates P4 and P5 are constrained since they are pushed up against 
P6 by the springs once PI through P3 are seated. 

Compliance Concepts: Several features in the present invention result in characteristics that 
allow the structure to demonstrate the compliance desired by the specifications: 

. The springs and Alignment Bolts provide compliance for variable thickness 
lenses. If the lenses are oversized, the elements grow towards the middle (i.e. the 
area between P3 and P4), an advantageous condition for holding optical tolerances in 
the optical system. Of course, if the lenses are undersized, the elements would be 
biased away from the middle. 

. The springs and Alignment Bolts provide compliance for thermal expansion. As 
components in the structure expand, they are forced to grow towards the middle. The 
thermal expansion of the Alignment Bolts limits the longitudinal expans.on of the 
plates within the structure and thus limits the longitudinal expansion of the optical 
path. Material choice and thickness can limit maximum expansion of the bolts. 
. By choke of material and thickness, PI through P5 can be designed so its thermal 
expansion offsets that of the Alignment Bolts, effectively stabilizing the thermal 
expansion of the optical path. 

. Only one hold down foot on PI (or alternatively P6) need to be used if a three- 
point mount of the structure is desired. This keeps the optical mounting structure's 
connection to the base plate from being over constrained, potentially causing 
deformation with environmental changes, shock or vibration. 
. To further avoid over constraining the optical mounting structure, a washer can be 
used on the hold down mounting foot in PI. PI may then be constrained so it cannot 
lift off the plane of the base plate but the base plate can change lateral dimensions 
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relative to the optical mounting structure without deforming the optical mounting 
structure. 

Locating and Constraining Optical Events: Several features in the present invention 
result in characteristics that allow the structure to locate and constrain the optical elements to the 
rolerances desired by the speerfications. The following drscuss.on refers to the cut-away side 
view diagrams in Figure 1 1 and Figure 12: 

. In a preferred embodiment, the exact locations of the optical elements were 
specified using an Optical CAD package. The shape of the components in the 
mounting structure were designed by "wrapping" the components around the CAD 
specification for the optical elements. 

. Figure 1 1 and Figure 12 show the lenses that are automatically located and 
constrained in the specified locations by pockets formed in the faces of the clamping 
plates. 

. When capturing concave lens faces, the pockets are designed with planar bortoms 
that engage .he ring along .he edge of .he concave face. The diameter of the pockets 
are relieved to surround and center the outside diameter of the element in the pocket. 
An example of this is the right face of LI in Figure 1 1 is engaged with the planar 
bottom and its diameter is surrounded by the pocket in P2. 
. When capturing convex lens faces, the pockets are des.gn with a specification 
smaller than the lens diameter. In this case, the edge of a hole through the clamping 
p,a.e fomrs a ring that engages the spherical convex surface of the lens. An example 
of this is shown in Figure 1 1 where the left face of LI engages with the edge of the 
thru-hole in P3. 

. When a bi-convex lens is captured by a ring of a thru hole edge on both sides, one 
plate has a pocket to accept the lens diameter and a thru-hole to engage a surface of 
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the lens. An example of this is shown in Figure il where the right face of LO 
engages with the edge of the thru-hole in PI. 

. When a bi-convex lens is clamped by a ring of a thru hole edge on both sides, it is 
centered and constrained. 

. When a concave-convex (meniscus) lens is clamped by a plane on its concave 
side and a ring of a thru hole edge on Us convex side, it is centered and constrained. 
. For any lens with a planar surface, that surface can be captured against a planar 
surface optionally a, the bottom of a pocket that has relief to accept the diameter, just 
as with the concave surfaces. 

. In the case where a bi-concave or plano-concave lens is to be mounted, it will 
suffice to clamp the element between two planar reference surfaces and rely on the 
diameter of the relief pocket to center the lens. However, greater precision locating 
can be obtained if the outer edge of a thin protruding cylinder engages the concave 
surface. Such a protruding cylinder can be machined into the clamping plate as a 
small hp around the thru-hole that extends just past the edge of the planar bottom of 
the pocket. 

. The mounting of the tipped lenses L2 and L3 follows as above with some slight 
modifications. First, the interface between the two clamping plates is machined at an 
angle so the face is normal to the ax.s of the lens. In the case of P5, both faces are 
machined since the lenses on either side have different tip angles. 
. The right, planar side of L2 engages on the planar bottom of the shallow pocket 
provided in P4. Similarly, the slightly concave left side of L3 engages in a shallow 
pocket in P6. 

. In most of the damping plates in Figure 1 1 , the edges of the thm-hole forms part 
of the engagement contact with the lens. In P5, the thru-hole only serves to pass 
light; it does not engage either L2 or L3. Instead, the ring formed by the edge of the 
pocket on either side of P5 engages the convex surfaces of both L2 and L3. 
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. The gaps between the clamping plates are scaled so that the plates always engage 
the lenses and never contact each other directly. This scaling is determined by 
accounting for the thinnest lens allowed by the specifications contracted by the 
coldest possible temperature the structure will encounter, likely during storage or 
shipping. 

. Although not required by this design, an adhesive such as a room-temperature 
vulcanizing silicone adhesive can be used to further stabilize the lens positions by 
placing a few drops in the pockets prior to assembly. This adhesive is most useful to 
keep the lenses in place during any rework. 

• If the design utilizes engagements with the curved lens surfaces for centering in a 
particular pocket, then the diameter of the pocket can be enlarged to accommodate a 
wide manufacturing tolerance for lens diameter. 

. In a preferred embodiment, the Beam Splitter is affixed along its edges to about 
45° shelves located on the left side of P6 on either side of the thru-hole. The beam 
splitter can be mounted to the shelves using an adhesive, clamped with a small bolt 
and an optional oversized washer, or preferably a combination of both. 
. The front of the camera is captured in a mounting plate which is in turn affixed to 
post(s) or tube(s) protruding from the back of P6. 

Details on Plate 6: P6 is a complicated component that as shown can be hard to construct. 

Yet its complexity allows the other components to remain inexpensive and easy to construct. 

The following features represented in P6 result in characteristics that allow the optical mounting 
structure to locate and constrain the optical elements to the tolerances desired by the 
specifications. The design of P6 is part of the reason the optical mounting structure is so easy to 
assemble and take apart for rework. The following discussion refers to the isometric diagram 
Figure 13. 
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. HoldDownFeet : The hold down feet in P6 anchor the entire optical mountrag 
stru^n^ghtweight applications the hold down fee, in PI could he omitted. 

. MmmSom. The Alignment Posts anchor in P6 and all other components are 
ngidly referenced to the Alignment Post, Hence, P6 forms the positional reference 
for the entire structure. 

. Cm^mMmm^- The camera is attached to the rest of the optical system 
via the Mounting Posts extending from P6. Hence, they are vital components in 
maintaining a rigidly focused system. 

. Beamsplitter: The preferred method by which the beam Splitter is held and 
mounted can be observed in Figure 13. Small shelves are provided on either side of 
the thru-hole. It is vital these shelves are smooth and exist in a common plane to 
avoid stressing and cracking the beam splitter. It is also vital the shelves are oriented 
at the angle specified for the beam splitter, 45° in the preferred embodiment. Next to 
each shelf is a raised lip 0.002" thinner than the beam splitter. Each lip has a tapped 
hole that allows a bolt with an oversized washer to clamp the beam splitter down to 
the shelves. The beam splitter can also be adhered to the shelves (e.g. with an 
adhesive) to form a stable bond with the beam splitter in a permanent position. 
. S^condary^etec^: The secondary detector in Figures 8a and 8b is mounted in a 
specific location at a specific angle. As shown in Figure 13, P6 facilitates the 
mounting of the secondary detector by providing a mounting shelf at the desired 
angle. If the secondary detector is mounted in a frame, the frame can be bolted to the 
shelf with the provided holes, allowing the detector to be positioned very close to the 
backside of L3. Alternatively, if this mounting technique is not sufficient, a pair of 
Secondary Camera Mounting Posts (not shown - similar to the camera mounting posts 
extending out the back of P6) can be provided protruding up from P6 at the angle of 
the mounting shelf. 
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^^.^.OnticalM onntinP Structure : Another optical mounting structure is contemplated 
to meet the specifications of housing the optical system depicted in Figures 4a, 4b, 8a, and 8b. 
Although this particular design is not the most preferred embodiment of the present invention, 
the technique contains many novel contributions to the art of designing optical-mechanical 
mounting structures. Tins design is referred to as the "Uni-channel" Design and is represented in 
Figure 14 and Figure 15. 

The Uni-channel was specifically designed to be very low profile in order to fit the 
smallest instrument case possible. To reduce height, the unused portion of the top and bottom of 
each lens were removed in, for example, a grinding step. The Uni-channel shown was 
constructed primarily with precision CNC mill operations from the topside of the chassis. The 
intention of the design was to allow the bulk of the chassis to be molded or cast and to use 
precision CNC mill post operations to establish precisely controlled surfaces for mounting the 
optics. 

The Uni-channel utilizes a unique method to locate the lenses in the specified positions 
and rigidly hold them in place. The following design concepts rely on wrapping the mechanical 
design of the chassis around a CAD model of the optical path: 

. Height: Since the lenses were already modified to provide a precision flat on the 
bottom (and top), the bottom of the chassis has a reference plane so the lenses 
automatically are located at the desired height when the flat is in contact with the 
bottom of the chassis. 

. Orientation : Spherical lens surfaces always engage well with a ring, which is 
unfortunately hard to provide with a topside only CNC mill post operation. Instead, 
the lenses are positioned by first using a CAD package to specify a mounting surface 
such that when the lens is sitting on the bottom of the chassis, it will contact the 
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mounting surface in a point or line contact that forces the correct location and 
orientation. 

. Hold Down : to hold the lens against the line/point contact surface, a spring 
plunger with a tapered tip is provided extending from the sidewall of the chassis. The 
pressure of the spring forces the tapered tip forward, which engages at or near the 
edge of the lens and forces the lens substantially laterally and/or back against the 
line/point contact. 

. Lateral: Protruding from the wall opposite from the spring plunger, a pin with a 
tapered tip engages the other side of the lens; trapping the lens and clamping it back 
against the line/point contacts. The pin is threaded, so its position can be adjusted, 
providing a moving stop to laterally fix the position of the lens. 
. Stability : to permanently stabilize the lenses in position once the proper location 
has been obtained, an adhesive (e.g. of wicking type) can be applied where the 
line/point contact with the lens is formed. 

. BemSplitter: The beam splitter is mounted in a substantially identical fashion as 
per the Clamping Rail design discussed previously. 

. OmwaMoimt: Although the camera shown is different than that in the Clamping 
Rail configuration, the mounting scheme makes substantially identical use of the 
Camera Mounting Posts. 

. Second^ Detector: Provision for mounting a secondary detector is provided on 
the bottom side of the chassis. In this case, the secondary detector would preferably 
be mounted to a tapered plate or angled bracket to allow the secondary detector to sit 
at the correct angle. 
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, m n te n,^ti.ns:There may be vanons modifications and variations to the concepts 
and imp—ions disc.osed here that are within the scope of the present invention including, 
but not limited to: 

. The Clamping Rail Mounting Structure is not limited for use with off-axis optical 
systems, it may perform with any orientation of object or image. 
• The Clamping Rail Mounting Structure is not limited to nationally symmetric or 
even bi-laterally symmetric optical systems. It is especially useful for mounting 
optical systems with many compound lens tilts. 

. The Clamping Rail Mounting Structure is not limited to 6 plates or a four or five 

lens system. It is useful for as few as one lens and is only limited by the practical 

length of the Alignment Bolts. Other elements including, but not limited to, filters, 

polarizers, mirrors and gratings may be mounted in such a structure. 

. The Clamping Rail Mounting Structure is not limited to the specific plate shapes 

or sizes, or the specific lens shapes or sizes discussed in this disclosure. It is scalable 

for various lens S1 zes and shapes and it will work with aspheric lens shapes. 

. The Clamping Rail Mounting Structure does not require the air space as shown 

between L2 and L3. A solid spacing element could be utilized here and/or in 

locations between other lenses as desired. 

. The Clamping Rail Mounting Structure does not require the use of internal 
compliance springs (e.g. springs over alignment bolts). The structure could be 
engineered to allow springs on the outside of the clamping plates. Further, the 
springs could be replaced with flat springs such a spring washers, or in some cases, 
contracting springs could be utilized. 

. The Clamping Rail Mounting Structure does not require four Alignment Bolts. 
As few as two posts have been successfully demonstrated, the upper limit is a matter 
of practicality. 
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. The Clamping Rail Mounting Structure could function with the complexity of P6 
distributed alternatively to other components. For instance, any component could be 
designed to contain the hold down feet; the beam splitter could be housed in a 
separate clamping plate, as could the secondary detector mount. 
. The utility of the Clamping Rail Mounting Structure does not rely on the presence 
of the secondary detector. 

. The Clamping Rail Mounting Structure could be configured so that instead of the 
Alignment Bolts threading into P6, they could pass through and engage threaded 
"nuts" on the far side of P6. The springs would still bias the optical elements while 
the length of the optical system would be constrained to the distance between the bolt 
head and the position of the nut. 

. The Clamping Rail Mounting Structure can be constructed from many materials 
in addition to or instead of the aluminum clamping plates and the steel Alignment 
Bolts preferably utilized here. 

. The Clamping Rail Mounting Structure can be used in other optical systems 
besides laser scanner optics including, but not limited to, machine vision systems, 
projection systems, spectrograph* instruments and biological sensor systems. It can 
be used in conjunction with micro-displays, area array cameras, and flexible light 
conduits. 

. The Clamping Rail Mounting Structure can be augmented by a clamping plate 
that houses illumination device(s) such as LED(s), used for self-illumination of 
scenes recorded by the optical system. 



f a tv/if.!? A MOUNTING TECHNIQUE FOR OPTIC AL SYSTEMS 
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We have constructed an optical imaging system, depicted in Figure 1, that requires an 
extremely precise and stable ahgnment of the detector relative to the optical axis. We needed to 
devise a mounting mechanism with the following characteristics: 

. The position of the detector must be adjusted in 5 axes relative to the optics, 
. The X, Y, and Z axis needed to be adjusted over a 4 mm range, 
. The Roll and Yaw needed to be adjusted over a 3° range with at least 30 arc 
second resolution, 

. Once aligned, the detector must be permanently locked in place with substantially 
1 um stability, 

. It was desired not to incorporate high precision, high cost adjustment permanently 
into the optical assembly, we desired to be able to put the precision alignment 
capabilities into the reusable assembly tooling and to keep the built-in cost low, 
. The success of the technique should not rely solely on super-tight machining 
tolerances, 

. The assembly must be disassembled for rework without excessive scrapping of 
parts. 

We also needed to dev.se a technique for aligning the detector to the optics that had the 
following characteristics: 

. The X, Y, and Z axis needed to be adjusted with at least 1 um resolution, 
. The Roll and Yaw needed to be adjusted over a 3° range with at least 30 arc 
second resolution, 

. The detector must be aligned to bring the whole image into the best possible 
focus. 
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The requirements for developing this mounting technique are illustrated by examining the 
«p view of an optical layout of a !aser metrology system shown in Figure 1. The system shown 
is in an Scheimpflug configuration where both the object and the image are tilted relative to the 
optica! axis. In the exemplary embodiment of the invention that follows, the object is a line 
defined by the locus of potnts along a laser beam extending from point A to point B. The image 
tad by the sys.em will be approximated by a line extending from location A' JO location B\ 
For the detector, a linear array CCD camera, Jo capJure the bes. focused image it mus, be aligned 
in X, Y, Z to be collmear with the image. Further, the detector mus. also be aligned around the Z 
axis (Yaw) and especially around the X axis (Roll). Since the Laser and the Opfics together 
rigidly define the location of the Object, the Detector must be aligned in 5 axes relative to the 
optical axis and remain stably aligned for the system to function properly. 

Breadboard Positioning Stages: In the system in Figure 1, the detector cou!d be positioned 
using a build up of rotation sJages and translation stages typically used on optical breadboards. 
An assembly of these stages incorporated into the system design could provide the des.red 
positioning tolerances but would have a prohibitive cos. and a large physical footprint. Further, 
even with careful engineering and costly components, such an assembly would likely be too 
bulky with too many parts to be able to hold adjustment in the face of environmental changes 
such as temperature and vibration. 

Flexture Positioning Stages: A more suitable method of positioning the detector would 

be to utilize a unified mechanism that realized rotation and translation positioning with flexture 
based positioning stages. Such mechanisms can typically be constructed to be more compact 
than typical breadboard stages, with a lower cost and similar positioning precision. When 
properly engineered, flexture stages should also exhibit far greater immunity to environment 
changes. However, a 5 axis flexture stage that can meet the specifications set forth here might 
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no, actually be simple .0 construct nor inexpenstve ,o manufactum. One issue is how the 
flexrures wil. be adjusted. To adjust a typical tenure element, it is forced "open" with the use 
of a threaded fastener such as a bolt. To achieve 1 urn sensitivity requires the use of super-fine 
threads or possibly a differential screw, both of which start driving up cosr and require right 
manufacturing tolerances. Anorher issue is how these adjustments would be permanent locked 
without biasing the position and still allowrng for rework/disassembly. 

Base Plate Clamping: An aUemative to the unified flexture mechanism would be to 
a„ach the detector ,o a two axis Roll, Z stage using eirher flestures and/or standard breadboard 
stages The two axis stage could in turn have a "shoe" that allowed it to be moved freely along 
the surface of me base plate and then be locked down in the desrred position. This sliding shoe 
would allow for adjustment in X, Y and Yaw. Although mis arrangement provides the desrred 
degrees of adjustment, them are severa. drawbacks to this approach besides the cos, and bulk of 
the two axis stages. The firs, is the challenge of adjusting the sliding shoe wi,h me desired 
precision. The nex, is firmly affixing the shoe ,o me base pla,e once alignmen, is achieved, 
wi,hou, perturbing the precision of the alignment Finally, .here are ,ssues w„h the s,ab„i,y of 
such a configuration with environment changes, especially durmg ,hermal cycling. 

^,^M„,.n,in,So l ut,.nst The inventions in mis disclosure are intended for, bu, no, 
limited ,0, use in rigidly mounting the detector elements in a non-contact laser scanner 
profilomerer, srmilar ,0 the systems discussed in US Pat No. 6,441,908. Examples of the 
implementations and identification of the preferred techniques will be made as .hey relate .o 
designing and cons.mc.ing laser scanning profilomerer systems. 



Post with Adhesive Camp Configuration. To ngidly hold the detector relative to the optics, 
there must 1 



be some form of physical link between the detector and the optics. This link must 
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auow adjustment, yet be locked in place when desirad. One method to achieve this is to utibze 
thre e rigid Mounting Posts shown in Figures 16a-16c that extend from the Opties Block 
assembly The optics block assembly comprises a populated mounting structure for the optrc, 
As shown, a Mounting Plate adapter is affixed to the detector. The Mounting Plate has overbed 
thnr holes mat are sized and placed to accep, and provide clearance abound the Mounting Posts 
when .he derector is in the nominal posrtion re.ative to the opties. The use of posts through 
oversized thru holes allows .he position of the detecor «„ be adjusted relative to the opttcs. 

As shown in Frgure !6a, the oversized holes allow the detector to be translated along the 
pjane of the image, corresponding to the YZ plane from Figure 1. Holes that have a dianaeter 4 
„„ ,arger than the dramete, of the post will achieve the range of motion previously specfied 
As depicted in the Figure 16b, me use of a thru hole allows a great range of translation along the 

obtained by rotating the detector re,ative to the Mounting Posts. Therefor,, this mounting 

configuration is compatible with position adjustments in all 6 axes. 

„ the Mounting Posts are no mora than 75 mm apart from each other, the 4 mm clearance 
„ the thru holes should provrde the desired 3° range of adjustment. To obtain greater stabrhty, 
,he Mounting Posts are placed at the outside edges of the Mounting Plate to maximize the 
distance between them. To faerhtate adjustment range, the thickness of the Mounting Plate ,s 
approximately the same as the diameter of the Mounting Post. 

Adhesive damping: When the detector is in the des.rad location relative to the optics, it can be 
permanently locked in place by filling the gap between the Mounting Post and the Mounting 
PJate with a substance (e.g. an adhesive, that starts in a definable state such as a „,u,d and seta 
to a solid state. The adhesive (e.g. glue) can be injected into the gap through an access hole, as 
deptcted in Figure (7, or through the fron, or back of the gap. Once the adhesrve clamp is fully 
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cured (e.g. by hea«, UV radiation, etc.), rhe detector ,s no, a stable, ngtd pan of ft. optics block 
assemWy. The enUre assembly can be moved, stored and installed as a single unit that wi.l no. 
lose the precision adjnslment of the detector relative to the optics. 

There are many snbstances such as epoxies, Room Temperature Vulcantzing adhesives 
0 e fami.y of curable rubber-like materials, generally silicone-based adhesives) and urethane 
b^d adhestves that can perform thts locking function, an idea, choice betng petite Durabond 
E . 2 0HP ava„ab,e from Loctite Cotp, 1001 Trout Brook Crossmg, Rocky HiU, CT 06067. There 
a. specifications to review and consider when choosing an adhesive. Adhesives with htgh 
shrinkage could move the detector by pulling on the Post during cure. Adhestves with large 
themta, expansion could a,so potentially move the detecror during rherma, cychng. Fortunately, 
if the gap between the Mounting Post and the Mounting Plate is kept smaH, these motion effects 
„ iU be sub micron for modest temperature excursions. Brittleness wtth aging, ou, gasstng 
charactenstics, creep, and modulus are also adhesive specifications worth investigating and 



optimizing. 



Disassembly: Another useful aspect to consider when choostng the adhestve is the maximum 
rated temperature range. Adhesives that fail a, reasonable temperatures, such as 300" F, wt.l 
hold over uonual operating environment fluctuations. However, the adhesive will 
advantageously fail with the application of heat, e.g., wtth the aid of a heat gun, allowing 
disassembly of the system for rework or for fine-tuning of the system. Generally, all of the 
adhesive can be removed, allowing all the parts to be reused. 

Since heat application might damage the detector or the optics, a method of safe 
disassembly or adjusting might be provided. Figures 18a and .8b show an option where instead 
of the Mounting Post press fitting into the Optics Block, i, slip-fils tightly iuto a coun,er-bore. If 
the bottom of the counter-bore has a threaded hole and the Mounting Post is hollow, then a boh 
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can be used ,o clamp .he Mounting Pos, rigidly into place. However, the Mounting Post can be 
removed from the Optics Block by removing the bolt and pulling the Pos, from the Optics Block. 
In mis fashion, the detector can be removed from the Optics Block, resulttng in an assembly 
includtng the detector, the Mounting Plate and the Mounting Posts. The detector can optionally 
now be removed from the Mounting Plate, leaving jus, ,he Mounting Plate and Pos,s, which can 
be safely heated ,o remove tine adhes.ve. 1, is useful ,o ensure <ha, either me clamptng adhestve 
does no, ge, on me head of me retaining bol, or the head is coated w„h a release agen, prior ,o 
adhesive injection. 

— M-fl- Options, There are o,her Pos, w„h Adhesive Clamp configurations. 
Examples of which are as follow: 

Configurations with Four or More Mounting Pos*: The Post with Adhesive Clamp 
configuration makes use of three Mounting Pos* because ,hey pr„v,de sufficien, support for ,he 
detector and a fourth pos, interfered with other mechanisms in me optical configuration in the 
preferred embodiment. However, ,he Post with Adhesive Clamp technique will work with four 
or even more Mounting Posts. It should be noted that the achievable range of compound 
positional adjustment will be determined in part by the number of Posts utilized, the d,stance 
between the Posts and the stze of the gaps between the Mounting Plate and the Posts. The use of 
mote Posts could constrain the range of motion and requtre the use of larger Thro Holes. 

Configurations with Two Mounting Posts, The Post with Adhesive Clamp technique 
„i,l also work with two Mounting Posts. However, such a configuration might be more 
susceptible ,0 environmental changes such as shock. In this case, sufficien, rigidtty can be 
obtained by making sure the engagement length (thickness) of the Mounting Plate is a. leas, 2 
rimes the diameter of the Mounting Post. However, a thicker Mounting Plate wi.1 limit the 
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•ui t „; nn thr hqp nf a lareer eap between the Mounting Plate 
angular positioning range, possibly torcing the u^e ot a large, g- P 

and the Mounting Post. 

Configurations with One Mounting Post: The Post with Adhesive Clamp technique 

w ffl work with one Mounting Post. Ail reststance .0 twisting and vibration wiU come solely 
from the strength of .he adhesive bond with .he Mounting Post. In .his case, .he mass of the 
d e,ec,„r assembly conld canse signified ,or q ue on d. single adhesive bond. Therefore, srrch a 
configuration will be more susceptible to envrronmental changes such as shock. Sufficren. 
rigidity can be obtained in .his configuration by making sure .he engagemen. lengm of .he 
Mounting Plate is several times the diameter of the Mounting Post and by keeping the mass of 

the detector assembly small. 

,„ the above configurations, the posts are described as being affixed to the optics block 

with .he thru holes provided in .he mounting plate. However, the posts may alternatively be 

affixed ,„ .he mounting plate with the thru holes provided in .he optics block. Also, a 

combination of alternating posl/hole configurations may be employed. 

Configurations with a Mounting Tube. The One Mounting Posr configuration can 

be modrfied for greaier stabihty by makrng the d.ame,er of the Mounting Pos. very .arge. One 
adaption is to make the MountingPos. into a Mounting Tube .ha. surrounds rhe optics pa.h 
without obstructing it, as shown in Figure 19a. The corresponding over-srzed ho.e in the 
Mounting Pla«e will also have .0 grow. One feature .hat preferably may be included in thrs 
configuration is a dam ro keep the adhesrve from wicking and contaminating .he de.ee.or. F.gure 
19a shows .he dam cons.nrc.ed from a compliant O-ring. The large s,ze of the clamping regron 
wi„ g,ve .his configuration good resisrance to twisting and vibration. The tiadeoff is .he limned 
ra „ge of motion this configuration allows unless a very heavy apphcation of clamping adhes.ve 
(i.e. along with a larger diameter thru hole) is allowed. 
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There are options .0 the Mounting Tube eoncep. that may be employed. For example, the 
rube may instead be affixed to the Mounting Plate and the overbed hole placed in the Optics 
B.OCX, resulting in an almost identical joint. Another interesting option is that nested rubes can 
extend from both the Mounting P,ate and the Optics Block (as shown it Figure 19b), allowmg 
m e join, to form between well away from e.ther .he Mounting Flare or the Optics Block and 
avoiding contaminating the system with the clamping adhesive. 

D „g B.ne Configuration: The Post with Adhesive Camp configurations all can obtain the 
performance desrred as far as adjusrabihty, ngidiry, atabiUty, low cos. and rework compaub,.,.y. 
However, drey do no. allow repositioning of me detecter once the adhesive clamp ,s cured 
without significant rework effort. A mounting technique rehrted to Fos, with Adhesive Clamping 
that allows repositioning is depicted in Figures 20a-20c. 

Here .he Mounting Posts are shaped as Dog Bone connecters ma. comprise shafts with 
larg er diameter balls integrally or non-integral.y fomted or auached a. eiiher end. Instead of 
oversized holes, the Dog Bones are preferably seated in tight ho.es tha, have a provisron for 
damping the ban in place without b.asing .he pos.tion adjus.men, as shown in Bgures 21a and 
21b AS depicted in Figures 20a-20c, the Mounting Plate and .he Optics Block engage the bans 
on the Dog Bones. Lateral translations and rotations are allowed by the pivoting of the balls tn 
,he damping Holes. Axta, adjustments are allowed by moving the bal, axially in the Camptng 
Holes. With compound motions, ,. .s poss.ble to adjust the position of the de.ec.or in all 6 axes. 

When the detector is in the desired position, i, can be locked in position by, for example, 
tightening a Camptng Bolt a. e.ther end of each Dog Bone. As depicted in Figure 21b, the 
Camp.ng Bolt closes a Flexture Camp, tightening the .hrn hole around .he bal, and providing a 
ng ,d stable connection. To hand.e environmental variations, .he Flexture Clamp should be 
des,gned with enough compliance and h.gh enough spring rate so that with max.mum expected 
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thermal expansion, shock or vibration, the Camp still prov.des enough pressors to securely 
clamp the nan in place. To reposition the detector, the bolts can be loosened, allowmg 
adjustments. They can then be nghtened to provide stable and rigid mounting in the new 
position. 

Material choices affect the performance of the Dog Bone mounting configuration. 
Pre ferab.y, .he ball (which may compnse a d.fferen, matena, than the dog bone shaft) and the 
Mounting Plate and/or Optics Block will be of simtlar matena.s so therma, variations have 
mtnimal effect. The ball, Mounting Plate, and Optics B!ock should be of hard marerials that do 
„o, den, easily when the Picture Camp is nghtened. Such dents would result in the system 
developing a "set" and reduce the ability to reposition with high ptecision. If the ball is bander 
than e.g. the Mounting Plate, then the Moonttng Plate will form a dent. The Dog Bone may then 
be repositioned to new axial positions in the clamping holes, allowing the assemb.y to be 
adjusted a few times before the components are too damaged to allow precision adjustment. A 
sacnficia, split sieeve may be tntroduced in the Clamping Thru Ho,e between the ball and the 
Mounttng Plate (and,or between the ball and the Optrcs Block). Tins sleeve would preferably be 
a soft materta, such as, for example, brass and it would act to hne the Clamptng Hole. Therefore, 
any dents would occur in the deposable sleeve. With tepeated readjusting, the sleeve could be 
axially reposttioned in the Clamp Hole a few times until the sleeve was used up, then it could be 
replaced a, low cos,. It is also noted that as an alternative ,o ,he dog bone eonfiguraUon, one of 
the end balls of ,he dog bone a, erther end may be replaced by a post end as per the posts of any 
„ f ,he embodrments descnbed above. For example, a dog bone end may be s.mply affixed ,0 
erther ,he opttcs block or ,he mourning plate, or instead the dog bone may have at one end 
threads for securely engaging either the ophcs block or the mounting plate. 

b any of the embodiments above, the cross-section of the posts, tube, or dog bone shaft 
may be circular or may be any other shape as desired for design or rigtdi.y purposes. 
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Alternate Implementations: The concepts io this disclosure are no. limited in 
app ,,ca,i„n solely to the building of Laser Scanners. There may be various modifications and 
variations to the implementations disclosed here that are within the scope of the present 
invention, including but not limited to: 

. The optical system in Figure 1 only requires alignment in 5 axes to align the 
de.ec.or with .he image. However, the Post with Adhesive Clamp and the Dog Bone 
techniques both allow a full 6-axis alignment. Th.s 6-axis alignment capability would 
aJso be advantageous for an optical system invo.ving a 2D object .maged onto a 2D 
array or area detector. 

. In addition to positioning the detector relative to the optics, the Post with 
Adhesive Clamp and the Dog Bone techniques may be used to mount and position the 
object relative to the optics. Such a configuration might also be useful in positioning 
the image source in projection displays. 

. The Post with Adhesive Clamp and the Dog Bone configurations can also be used 
to mount and position the optics relative to either an object or fixed image. 
. The detector mentioned in the Laser Scanner example above may be a linear array 
camera. Considenng other optical systems in different applications, the detector may 
also be any other form of optical detector including, but not limited to, a 2D area 
array, a single large area photo detector, an array of fiber optic pickups or even a 
viewing screen. 

. The object in the Laser Scanner example above was .he locus of points along a 
laser beam. Considering optical systems in other applications, the object can have 
other forms including, bu, no. limited to, ID objects, 2D objects, ot 3D objects from 
other illumination sources, relay images from other optics, printed objects, biosensor 
sample locations, micro-displays, CRTs and LCD displays. 
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. The Post with Adhesive Clamp and the Dog Bone configurations may be used for 
m0 re than aligning optical systems in the Scheming eonf.gura.ion. In the genera! 
case they will serve for mounting and aligning any number of individual components 
„ r assemblies relative ,o each other for any degtee of off-axis ine.ud.ng straight on. 
. A senes of multiple optical elements can be mounted and aligned with each other 
a, a potentially differ*,, pose by connecting a series of Mounting Plates with 
corresponding Post with Adhesive Clamp or Dog Bone configurations. 
. Finally, both the Post with Adhesive Clamp and the Dog Bone eonfigurauons are 
no, limited to ,he field of optics and can be used in any field where mounting and 
precision alignment between different components is desired. 



■rnr„s AMD MJGNTIIT- "™ "PTirAI SYSTEMS 



The requirements for developing this focusing technique are illustrated by examimng tire 
top v ,ew of an optica, layout of a laser metrology system shown in Figure 1. The system shown 
is ,„ an Scheimpfiug configuration where both the object and the image are tilted relative to the 
optica, axis. >n the exemp.ary embodiment of the invention tha, fo.lows. .be object is a hne 
cefined by the locus of po.n.s aJong a laser beam ex.end.ng from poin. A to point B. The .rnage 
formed by .he system will be approbated by a line ex.end.ng from location A' Jo ,oca„on B'. 

in X Y Z to be eoUinear wi.h Jhe .rnage. Further, the detector must also be ahgned around the Z 
axis (Yaw) and especial., around Jhe X axis (Roll). Since Jhe Laser and Jbe Optics together 

optical ax.s and remain stably aligned for Jhe system to function properly. 
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m! ^ sm: A preferred embedment of ft. present invention w«. aUow the focusing 
of the optical assembly shown in Ftgure 22. The Assembled Optics Block contains ng,d,y 
runted optica, dements in a state of preciston alignment. The Detector Assembly contams a 
Hnear array camera and some optics, all mounted on the Camera Adapter (Mounting) P.a,e. The 
Detector Assemb.y "floats" on the Mounting Rods mat ezlend from the Optics B.ock through 
oversized ho.es in the Cameras Adapter P.ate. The .ocation of the Detector Assemb.y re.anve to 
the Optics Block must be optimized to crnate a crisp focus across the entire linear array. When 
the desired focus is achieved, the De.ec.or Assembly's position wil, be frozen by Camping the 
Camera Mounting Plate ro .he Mounting Rc<.s. Camping «... be achieved with adhes.ve used «o 
,U, the oversized ho.es. When cured, .he entire Assembly wi.l be a single, rigtd unit ma. can be 
moved as a unit and still keep a precision focus. 

Referring .o Figure 1, me focusing .echnique and mechanism must support the following 
specifications: 

. The position of the detector must be adjusted in 5 axes relative to the optics, 

. The X, Y, and Z axis needed to be adjusted over a 4 mm range, 

. The X, Y, and Z axis needed to be adjusted with at least 1 um resolution, 

. The Roll and Yaw needed to be adjusted over a 3° range, 

. The Roll and Yaw needed to be adjusted with at least 30 arc second resolution, 

. Once aligned, the detector must be permanently locked in place with substantially 

1 um stability, 

. The prectsion alignment capabilities must be contained in reusable assembly 

tooling to keep (he built-in cost of the assembly low. 

r „ yP^n.To..... : The tooling developed for physically aligntng a 

preferred optics assembly is shown in Figure 23. The tooling is housed on a base plate (0). The 
entire assembly on .he base p.a«e shown in Figure 23 is ins.a..ed as a subsystem of .he focus 
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.able shown in Figure 24a. Figure 23 illustta.es .he optics block (1 10) being affixed through its 
hold down feet to the opties bloek pedestal (120). The heighr of .he opties bloek substantially 
de.erm.nes «he optieal axis and hence substantially the working he.gh. for «he alignmen. system. 
The detector assembly is affixed to the camera btacket (70) via attachment to .he camera body, 
not the Camera Mounting Plate (90). 

The adjustment tooling is an assembly of five manual motion stages and the brackets 
desired to orient the stage motion correctly. 

. An X stage (20) is bolted orthogonal to a Y stage (10) that is bolted to the base 
plate. 

. A Z stage (30) is mounted orthogonal the X, Y stage using a 90° bracket. 

. A Roll axis stage (40) is affixed to the face of the Z stage so that its roll axis (45) 

substantially aligns with the geometric center of the linear array in the camera. When 

the X, Y, Z stage is in its nominal (home) position, the roll axis should be 

substantially parallel to and substantially coaxial with the optical axis. 

. A Gantry Bracket (50) is attached to the Roll stage and serves as a shelf to mount 

the Yaw axis stage (60). 

. The Yaw axis stage is aligned so that its Yaw axis (65) substantially aligns with 
the geometric center of the linear array in the camera. 

. The Camera Bracket (70) is affixed to the Yaw axis stage and bolted to the side of 
the Camera (80). 

. The oversized holes in the Camera Mounting Plate (90) engage the Mounting rods 
(Posts) (100). 

The alignment of the Roll and Yaw axis allows all five axis of adjustment to be made 
relative to the geometric center of the linear array on the camera. This is an important feature 
since it allows the detector alignment to be adjusted on independent axes with minimal or no 
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croS s axis couphng. When Che de.ee.or is aiigned, .he Camping adhesive is inrtoduced in.o ,he 
oversized ho.es in .he Mounting P.a.e. Onee eored, .he camera is reieased from .he Camera 
Bracket and .he optics assembiy is removed from the opttcs b.ock pedesta, as a singie, ng,d, 
slab,e, preciseiy aiigned unit. This assembly can then he set as.de in .nventory and integrated 
into the measurement instrument later. 

r r.^^M^ The setup for rhe focus tabfe is depicted in Figure 

24a The setup starts with a 1:1 scaie plot of the op.ics path inciuding .he ,aser line, the object 
Jocation, .he rays traced and .he optics position. The P lo. is affixed .0 .he surface of .he 
aUgnmen, .able. A scauering sc.cn is then carefully inslahed «„ precisely ahgn with me object 
Jocation The screen has a very narrow (abou, 0.030") box drawn on i. that surtounds .he enure 
fieUof view of .he imag.ng optics at a heigh, denned by the heigh, of .he optica, axis when 
me optics block is ,ns,a,.ed on .he optics block pedes,!. The .arge. lasers (preferab.y five lasers 
A-E) ana carefully focused on me screen «o make the smalles. spo. possible. Us.ng .he Yaw, 

target box on the screen. 

The portioning .ool.ng may .hen be used .0 adjus. the five-axis position of the daec.o, 

he monitored using a frame grabber (F.gure 24b) configured .0 show dose ups of preferably five 
regi „„s on the camera image. Focusing is aided by real-time display of preferab.y bo,h the 
maximum pixe, in.ens.ly and the fu,. wid.h ha.f max (FWHM) of each image spo.. The genera. 
goa , is .0 s,mu„aneous,y max.rn.ze .he imensi.y while minimizing .he widm of each spot 
Misahgnmen, of as lufle as abou. 3 urn can be de.ec.ed and substantia,,, ahgned ou. with tins 
focus setup. 
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The adjustabtlity of .he focus fooling combined with .he repeafability, acui.y and ease of 
abgnmen, afforded by .h,s focus .able se.up make it possible «„ build a measuring insttumen, 
capable of resolving the position of a spo. along .he o bj ec. ro wi.hin abou. 0.001" or about 
M2 000 of the who.e fte.d of view. The use of five laser spots that span the fieid of v.ew makes 
i, possible .o identify and balance ou, defocus trends across the field of view, such as field 

User shown in the upper right of Figure 24a would on,y al.ow one pom. at a time ,o be used for 
focusing The use of scattered laser spots simulates the way the scanner wiU be used in a fashton 

the individual targe, lasers afiows them to be prec,se,y positioned exactly along the field of vtew. 
Once adjusted, the spots remain stably aimed, so the next assembly can be focused without the 
need for table setup and configuration. 

^.,„ P ^.,„ a nnA. im n,en, ; Once the entire optics assembly (i.e. camera and 
optics block) is focused and ngidly locked in.o alignment, it can now be installed onto the base 
pwc of the final measuring instrument A system containing an unfolded optics path, such as 
,ha, shown in Ftgure 1. would be larger than i, needs to be and might present some difficulties m 
achieving alignment. A preferred embodiment of a base plate with a folded up optical path . 
shown in Figure 25. It is ms,alled on a focus table and altgned with a ray ttace simtlar to that 
used in Figute 24a. The pte-focused optics assembly is installed so that its imaging path ,s off a 
firs, surface naming mtrror installed™ an ultra-stab.e kinematic Yaw, Pitch mount (KS05, KS1, 
Thor Labs, PO Box 366 Newton, NJ 07860). The laser is also installed so it reflects off a fits, 
surface mm m.rror installed in a second utea-s,able kinematic Yaw, Pi,ch mount. 
The adjustment and alignment of the base plate is as follows: 

. The laser turning Yaw Pitch moun, is adjusted so ma, the laser is traveling 
substantially level wtth the focus table surface and substantially perpendicular ,„ me 
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long axts of ,h= base plate. In addition, the kinematic laser turning nrirror mount has 
enough adjustment to allow the laser to be laterally adjusted to travel substantially 
along the line of the screen. The target box on the screen now is substantially 
collinear with the path of the laser and can represent the object in the final alignment 
of the measuring instrument. 

. The laser turning mirror mount can be locked down using an integrated clamp. 
For extra security, a thread locking adhesive compound or other adhesive material 
may also be used. 

. Using .he frame grabber again, the Yaw and Pitch of the optics turn mireor mount 
can be adjusted to bring the field of view of the optica, assembly into alignment with 
the targe, lasers on the screen. The Yaw adjustment will have the effect of moving 
the field of view of .he optics assembly back and forth along me face of me screen, so 
it can be used to cemer .he field of view. The Pitch adjusting will move the field of 
view along the screen perpendicular to the line ma, represents the field of view. This 
is a critical adjustment because it is aligning the very narrow field of view of the 
camera (only up to about 250 pm a. the widest) with the laser line. The targe, lasers 
and hence the measuring laser will no. be visible on the camera image if .his 
alignment is even slightly out of adjustment. 

. Once the optics turning mirror is adjusred, it can be locked in the same fashton as 

the laser turning mirror adjustment. 
The base plate with the folded optical path is now adjusted and ready for installation in 
t„e instrument case. The use of the turning mirror in ultra-stable kinematic Yaw, Pitch mourns 
allows .he pre-focused optical assembly .0 be stalled and permanen.ly adjured so ,ts field of 
vtew aligns with the path of the laser .0 within a few pm. The configuration of the focus table 
makes the precise adjusting of this setup easy and fast. 
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^....^.nenm.ions, The. may be various modifications and variafions ,0 ,he concepts 
and implementations dtsc.osed hem that am withtn the scope of the present invention tncludmg, 
but not limited to: 

. These techniques all work for area sources as well as line sources. Typically, 
positiomng in five 5 axes is required for aligning a line scan, six axes of adjustment 
are required for area scan applications. 

. The alignment tooling is not limited to five axes of adjustment. Certainly, fewer 
axes could be used or a 6 lh axis could be added. 

. More lasers could be used to illuminate regions that span the area of an optical 
system's 2D object space. Spot generators could be used instead of multiple lasers. 
. These techniques are not limited to off-axis optical systems in the Scheimpflug 
condition. The alignment tooling and focus table are readily adaptable for normal on- 
axis viewing. The fold up concepts can fold and adjust for arbitrary angles, even 
multiple folds to a single optical path. 

. The alignment tooling could be configured to work in cases where the detector 
was held rigidly in place and the optics were floated into place. 
. These techniques can be used to adjust illumination sources, such as micro- 
delays, relative to projection optics, or projection optics relative to illumination 
sources. A camera observing the screen could be used to monitor the display 
alignment in much the same fashion the frame grabber is used above. 
. The base plate fold up could be reconfigured for the same results. For instance, 
the laser in Figure 25 could be mounted in the kinematic mount and adjusted off a 
fixed mirror, or remounted so the turn mirror is not required. 
. The fold up scheme can also be extended to folding in 3d to further collapse the 
footprint of the optical path. 
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It is noted that the concepts within a particular section above may be utilized in any of the 
remaining sections. Such utilization will still fall within the scope of the present invention. 

Those of ordinary skill in the art will recognize that various modifications and vanations 
ma y be made to the embodiments descnbed above without departing from the spirit and scope of 
the present invention. For example, the preceding techniques do not have to be implemented 
alone, they can be combined to produce hybrid techniques that might fit a specific application 
better than a single technique. It is therefore to be understood that the present invention is not 
limited to the particular embodiments disclosed above, but it is intended to cover such 
modifications and variations as defined by the following claims. 
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